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It is  a  very old  observation  that  the  stability  of suspensions  is 
markedly  affected  by  the  addition  of  electrolytes.  ~ Under  certain 
conditions the particles remain separate, while under other conditions 
they  adhere to  each  other.  In  the  latter  case  the  particles  settle 
rapidly and the suspension is said to be coagulated or agglutinatedY 
Since under certain conditions the particles remain distinct  and  in 
others collect into large masses, it is evident that there is a force which 
tends to hold them together and another force which tends to keep 
them apart.  If the attractive force is greater than the repulsive force, 
the particles  agglutinate.  It was  early found  that  nearly all  sub- 
stances in suspension are electrically charged with reference to the 
surrounding liquid, and it was suggested by Jevons that the repulsion 
due to this charge was the repelling force.  This conception was sub- 
stantiated by Hardy, who found that suspensions of denatured pro- 
teins coagulated at the point at which they carried no electric charge. 
Hardy called this  the isoelectric point.  Hardy's experiments have 
been greatly extended by  Michaelis and  his coworkers.  It is prob- 
able,  however, that  the precipitation of proteins and the agglutina- 
1 For a review of the literature on this subject see Burton, E. F., The physical 
properties  of colloidal solutions,  London,  New  York,  Bombay, Calcutta,  and 
Madras, 2nd edition, 1921.  In regard to proteins see Michaells, L., Die Wasser- 
stoffionenkonzentratlon, Berlin, 1914. 
The rapid settling of the coagulated suspension is a  secondary phenomenon 
due to the increase in size of the particles and governed presumably by Stokes' 
law.  The primary phenomenon is the  adherence or repulsion  of  the  individual 
particles. 
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fion of suspensions  are governed by entirely distinct  forces.  In the 
case of oil emulsions Powis  3 was able to show that  agglutination  oc- 
curred  whenever  the  potential  became less  than  a  certain  critical 
value,  in  this  case  about  30  millivolts.  Powis'  experiments  leave 
little  doubt that  the  potential  at  the  oil-water  surface is  the  deter- 
mining  factor  in  the  agglutination  of  oil  emulsions.  Burton  ~ also 
found  that  metallic  suspensions  coagulate  in  the  zone  where  the 
potential  is  small,  although  he  did  not  find  such  a  definite critical 
value. 
In  the case of bacteria,  however,  the results have been much less 
satisfactory.  It  was  found  by  Bechhold#  Arkwright, 5 Teague and 
Buxton,  e  and  others  that  bacteria  were  always  negatively  charged 
whether  or not they were  agglutinated.  These  authors  concluded, 
therefore,  that  the potential  carried  by the  organisms  could not ac- 
count for the phenomena.  Putter 7 was able to show some qualitative 
agreement  between  the  potential  and  agglutination  of  Bacillus 
typhosus. 
Results  of  the  Present  Experiments. 
It is  evident  that  in  order  to  test  the hypothesis  outlined  above, 
it is  necessary  to  measure  both  the  force which  tends  to  cause  the 
particles  to  adhere  as well as that  which keeps them  apart,  since if 
both forces are affected by the conditions of the experiment but only 
one is measured,  it will be impossible to interpret  the results.  The 
potential may be conveniently measured by the rate of migration in an 
electric  field.  The  attractive  forces,  however,  have  usually  been 
assumed to remain  constant and no attempt has been made to mea- 
sure them.  It was found, in the course of the present experiments, 
that  a  comparative  measure  of  the  attractive  forces  between  the 
organisms  could be obtained by measuring  the force required to tear 
apart  two glass  plates  covered with  a  film  of  the  bacteria  and  im- 
mersed in the solution which was under investigation.  As a result of 
3 Powis, F., Z. physik. Chem., 1914, lxxxix, 186. 
4  Bechhold, H., Z. physik. Chem., 1904, xlviii, 385. 
s Arkwright, J. A., J. Hygiene, 1914, xiv, 261. 
6  Teague, O., and Buxton, B. H., Z. physlk. Chem., 1907,  lvii, 76. 
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these  measurements  in  conjunction  with  the measurements  of  the 
potential  difference,  it  has  been  found  that  whenever  the  potential 
difference between the surface of the bacteria and the solution is less 
than about 15 millivolts the bacteria agglutinate, provided the cohesive 
force  is not  affected.  If the  cohesive force is  decreased,  this  critical 
potential is  decreased,  and if the  cohesive force is made very small, 
no agglutination occurs even though the potential be reduced to zero. 
It was further found that all electrolytes tested in concentrations less 
than 0.01 to 0.1  N  affect primarily the  potential, while in  concentra- 
tions greater than 0.1 N the effect is principally on the cohesive force. 
In  the  case  of bacteria sensitized  with  immune  serum,  the  cohesive 
force remains constant and  the agglutination  can be predicted solely 
from the measurement of the potential. 
Experimental  Methods. 
Measurement  of the Potential.--The  potential was determined from the rate 
of migration as described in the preceding papers,  s  The U-tube method was used 
for the experiments with  the bacillus of rabbit septicemia and the microscopic 
method with B. typhosus. 
Measurement  of the Cohesive Foree,--A piece of thick glass slide was covered 
with a  thin film of very heavy suspension of washed organisms (B.  typkosus), 
the film allowed  to dry and  then heated to 60  ° for a few minutes.  This causes 
the bacteria to adhere firmly to the glass.  A heavy (No. 3) cover-slip was simi- 
larly prepared.  The cover-slip was suspended by means of a fine platinum wire 
from the lever of the du Notiy  9 surface  tension apparatus,  The glass slide was 
immersed in a dish containing the solution to be studied and the cover-slip allowed 
to rest on it with its own weight for 1 minute.  The force required to pull the cover- 
slip from the slide was then determined.  It was found  that if the measurement 
was made immediately after the two surfaces came in contact, the value obtained 
depended on the force with which the two had been pressed together.  If the slip 
had been pressed down firmly a much greater force was required than if it had 
simply been allowed to rest on the slide.  After a short time interval, however, 
this difference became less, and eventually the same reading was obtained in both 
cases.  This is due presumably to the fact that the distance apart of the two sur- 
faces is regulated by capillary forces and comes to the same point from either side. 
The same smear was used as long as the same value was obtained on replacing the 
preparation in  distilled  water.  The value obtained becomes less after ten or 
s Northrop, J. H., and Cullen,  G. E., J. Gen. Physiol.,  1921-22, iv, 635.  Nor- 
throp, J. I-I., J. Gen. Physiol.,  1921-22, iv, 629. 
9 du Noiiy, P. L., J. Gen. Physiol., 1918-19, i, 521. 642  STABILITY  OF  BACTEI~.IAL SUSPENSIONS.  II 
fifteen measurements due to the gradual removal of the film.  Control experiments 
with clean glass surfaces showed no significant variation under the conditions of 
the experiment.  The values obtained in this way were surprisingly reproducible. 
They have been expressed as milligrams required to separate two surfaces each 
2  crn. square.  The results are not exactly comparable to the measurements of 
the potential since the organisms have been subjected to dry heat.  It will be 
noted, in fact, that the results do not conform exactly to those expected from the 
potential measurements.  In  the  case of NaC1,  for instance,  the concentration 
required to affect the cohesive force noticeably, is slightly higher than would be 
expected from the potential curve. 
It has usually been considered that this force is a surface tension effect, but there 
does not appear to be any conclusive evidence as to its nature.  It is better, per- 
Imps, to refer to it simply as "cohesive" without an exact definition of its nature. 
Measurement and  Regulation  of  the  Hydrogen Ion  Concentration.--The  pH 
determinations were made electrometrically, using a  saturated calomel celt and 
taking the pH value of 0.10 ~ HC1 as 1.04 at 33 ° as the standard. 
Buffers  Used.--It was found that a  very convenient buffer could be made by 
combining sodium phosphate, sodium acetate, and glycine.  It may be used over 
a range of pH from 1 to 13 and has the further advantage that the nature of ions 
present is not varied.  The only variation is a  change in concentration of the 
Cland Na ions.  The composition and the titration curve of the buffer are given 
in Fig. 1.  This is referred to as G. P. A. Buffer.  The pH measurements were 
made at 33  °.  In some experiments Walpole's  1° acetate series was used. 
Cultures.--The  culture of the bacillus of rabbit septicemia used was that pre- 
vionsly isolated and described by one of the writers.  11  The typhoid culture was 
the  Pfeiffer strain obtained through the kindness of Dr. Charles Krumwiede  to 
whom we are also indebted for the strong antityphoid horse serum. 
Measurement of the Degree of A gglutination.--No  satisfactory method could be 
found for measuring the agglutination quantitatively.  Several degrees of agglu- 
tination were,  therefore,  selected and  the  determinations made  on  this  basis. 
They were recorded as follows: 
--  No agglutination. 
+  Distinct particles visible with a lens, 8 diameters magnification. 
+  +  Particles visible with the eye alone. 
+  +  +  Suspension  almost  completdy  agglutinated  and  settled  but  cloudy 
appearance in the supematant liquid. 
C. Supernatant liquid perfectly dear. 
The stage marked C. is the easiest to detect with certainty and was used as the 
end-point. 
The degree of agglutination increases with time at first but after 24 hours re- 
mains constant.  All readings were therefore made after 24 hours at 20  ° to elimi- 
to Walpole, G. S., Y. Chem. Soc., 1914, cv, 2501. 
tx De Kruif, P. H., Y. Exp. Med., 1921, xxxiii, 773. JOHN H. NORTHROP  AND PAUL H. DE KRUIF 
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nate  the  time  factor.  A  typical  experiment  is  shown  in  Table  I.  It  is 
evident  that  there  is  some  relation between the charge and the rate  of  agglu- 
tination.  The suspensions having the lowest charge are the ones which agglutinate 
the most rapidly.  The table shows, however, that the relation is not continuous. 
Those  suspensions having  a  potential greater  than  about  15  millivolts do  not 
agglutinate completely at any time.  In other words, the potential does not merely 
effect the time required for agglutination, but if larger than a certain value, pre- 
vents it entirely.  This is the result obtained by Powis. 3  The fact that the point 
of agglutination is not sharp but covers a fairly wide range between no agglutina- 
tion and complete agglutination, may be due to the individual variation in the 
"/?ABLE I. 
Effect of Potential and Time of Standing on Agglutination. 
Suspension of Type D n  in  acetate buffer pH 4.2  +  noted  concentration of 
egg albumin pH 4.2. 
Concentration 
of 
egg albumin. 
~er cenl 
0 
0.0003 
0.001 
0.003 
0.010 
0.03 
0.10 
0.30 
0.90 
Mm. per hr. 
--7.5 
-6.0 
--4.0 
--2.0 
0 
+0.8 
2.0 
2.5 
3.2 
Potential 
difference. 
railli~ol~s 
--34.0 
--27.0 
--18.0 
--9.0 
0 
+3.4 
+9.0 
+11.2 
+14.4 
Agglutination after time noted at 20°C, 
0.5 hr. 
+ 
+ 
++ 
+++ 
++  ]++ 
C.  C. 
+  C.  C. 
++  C.  C. 
+  C.  C. 
-  C.  C. 
-  C.  C. 
+  =  agglutination visible with lens (8 diameters). 
+  +  =  agglutination visible without lens. 
C.  =  complete settling, supernatant clear. 
particles.  It  would be better  theoretically, therefore,  to use  the point of half 
coagulation as the end-point.  This cannot be determined experimentally owing to 
the lack of a  quantitative method for determining the  degree of agglutination. 
_Preparation of  the  Suspension.--It  has  been  noted  by one  of  us  TM  that  the 
presence of  traces of peptones,  etc., present in  the  culture medium,  markedly 
affect the agglutination of the organisms.  The suspensions were therefore thor- 
oughly washed in distilled water.  24 hour broth cultures of the organisms were 
centrifuged, and resuspended in distilled water.  This process was repeated four 
13 De Kruif, P. H., Y. Gen. Physiol., 1921-22, iv, 395.  See also Putter. 7 JOHN  H.  NORTHROP AND  PAUL  tI.  DE  KRUI~  645 
times,  The sediment finally obtained was then suspended in a  volume of dis- 
tilled water equal to one-half that of the original broth.  For the determinations 
one volume of this "standard" suspension was added to one or two volumes of the 
other solutions used.  Table II shows that no noticeable change could be detected 
after the second washing. 
Effect  of  the  Manner  of Mixing  and  Time  of  Standing  on  the  Potential.- 
No difference  could  be detected  in  the results obtained when the suspension 
was added to the solution or  vice versa, provided the mixing was rapid and com- 
plete.  As a rule the suspension was squirted into the solution from a pipette and 
mixed as thoroughly and rapidly as possible.  No significant changes occurred in 
the potential measurements over an interval of 2 days except in the case of silver 
salts.  The effect  on the potential is,  therefore,  almost instantaneous in most 
cases.  This is also true of the effect of immune serum, and shows that the time 
element consists in the time required for the organisms to come into contact.  13  In 
TABLE  II. 
Effect of Washing on Rate of Migration of Type D  Suspension. 
100 cc. of broth culture, Type D, were centrifuged, suspended in distilled H~O, 
centrifuged, and the process was repeated as noted.  Migration was determined 
as noted. 
No. of times washed ............................  0 
Potential at pH  4.4 .................  I  --9.0 
"  "  pH  3.0 .................  I --13.0 
1 
--18.0 
+1 6  ----L0 
+1.6  I 
-28.0 
+1.8 
the case of suspensions treated with silver salts at a pH of 4 or more, the potential 
drops rapidly and is very much lower after 24 hours.  At the same time the sus- 
pension turns black so that the effect is probably due to the reduction of the silver. 
EXPERIMENTAL  P~ESULTS. 
The results of the experiments are shown graphically in Figs. 2 to 8. 
The  calculated  potential  in  millivolts  between  the  surface  of  the 
organism and the surrounding liquid is plotted as ordinates, and the 
salt concentration as abscissae.  Since there is some doubt as to the 
correctness  of  the  formula  connecting  velocities  to  millivolts,  the 
actual velocities corrected for a  potential  drop  of  1 volt per  centi- 
meter have also been given.  The degree of agglutination is indicated 
by the character of the line,  In the experiments in which no pH value 
is This concluslon  had been reached byF.L. Gates (3".  Exp. Med., 1922, xxxv, 63) 
in a study of the time required for adsorption of immune  body. 646  STABILITY  OF  BACTERIAL  SUSPENSIONS.  II 
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FIG. 6.  Comparison of the acid agglutination of Type D  and Type G strains 
of the bacillus of rabbit septicemia and the effect of immune serum and peptone 
on the potential and agglutination of Type G. 
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is given,  the pH was not regulated and the results are due in part to 
changes in the hydrogen ion concentration. 
Inspection  of  the  charts  shows  that  in  all  experiments  there  is 
complete  agglutination  as  soon  as  the  potential  is  reduced  below  a 
value of about 15 millivolts  (either positive or negative)  provided the 
salt  concentration  is  below 0.001  N.  Below  this  salt  concentration, 
therefore, the agglutination is seen to depend solely on the potential. 
Any  substance  which  reduces  the  potential  below  about  15  milli- 
volts will cause agglutination.  There is another range of salt concen- 
tration above 0.10 N in which no agglutination occurs, although there 
is  no  measurable  potential.  Between  these  two  ranges  of salt  con- 
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FIG, 8.  Effect of salts on the potential and agglutination of Type D  at pH 2.0. 
centration  there  is  a  zone in  which  agglutination  occurs  at  various 
potential levels.  This is evidently the result that we would expect if 
the salt acted in low concentration primarily on the potential, and in 
high concentration  on the cohesive  force.  There would  be an inter- 
mediate zone in which the agglutination  could not be predicted from 
either  measurement  alone.  This  explanation  is  borne  out  by  the 
measurements of the cohesive force shown in Fig. 9.  These show that 
the  cohesive  force is markedly  decreased  in  concentrations  of more 
than 0.01  N;  i.e.,  the range  in which  the critical potential  begins  to 
decrease.  The  figure  shows  that  the  effect  on  the  cohesion  is  not 
connected with the valency nor with the electrical effects of the ions. 
LaC1, is far more effective than NaC1 in reducing  the potential,  but 650  STABILITY  OF  BACTERIAL  SUSPENSIONS.  II 
less effective in reducing the cohesive force.  The agglutination de- 
pends on both factors.  It is possible,  therefore, for all monovalent 
ions  to  affect the  potential  in  the  same way but  to  differ in  their 
coagulating power.  In order to predict the coagulating efficiency of 
a salt, it is therefore necessary to know the effect on both  the poten- 
tial and cohesion. 
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FlO. 9.  Effect of salts and  acids  on  the  cohesive  force  between  films  of 
B.  typkosus. 
The HC1  curve differs from the others in that  the cohesion is in- 
creased in solutions  of higher concentration than 0.3 N.  This agrees 
with the agglutination test (Fig. 3) which shows a zone of agglutina- 
tion at this concentration. 
The  experiments show  the  result usually obtained  in  such  cases, 
that low concentrations of salt precipitate and higher concentrations 
stabilize again.  They also show that this is due in most cases to the J'OHN  H.  NORTHROP  AND  PAUL  H.  DE  KI~UIF  651 
fact that excess salt or acid confers a high potential upon the particles, 
of opposite sign to that in low concentration. 
These various effects are all shown in the case of thorium chloride 
(Fig. 2).  In concentration below 5  X  10  -6 N no agglutination takes 
place since the potential is greater than 15 millivolts (the organisms 
being negative to the water) and the organisms are kept apart by the 
repulsion due to this potential.  In concentrations between 5  X  l0  -e 
and 5  X  10 -6 N there is agglutination, since in this range the potential 
is less than 15 millivolts and the repulsion is therefore not sufficient 
to overcome the cohesion.  In concentrations of from 5  X  10 -5  to 
5  X  10  -1  the potential is greater than 15  millivolts (though of the 
opposite sign) and the suspension is again stable.  At a concentration 
above 0.05 N the potential drops below 15 millivolts but agglutination 
does not  occur  since  the  cohesive force has  also been  reduced.  A 
smaller potential is therefore sufficient to prevent agglutination.  At 
a  concentration of 0.10 N the potential is reduced practically to zero 
and  agglutination again  occurs.  In  still  higher  concentration  the 
organisms are again stable due to a  further decrease in the cohesive 
force.  14  The hydrochloric acid curve is interesting in that it shows a 
zone of agglutination in concentrated solutions (>  0.3  N).  This js 
due to the sudden increase in the cohesive force at this point as is 
shown in Fig. 9.  This does not occur with the other chlorides and in 
the latter solutions no agglutination occurs in this range. 
The stabilizing effect of  sodium chloride in high  concentration is 
shown more strikingly in Fig. 10,16 which gives the result  of  adding 
increasing  salt  on  the  acid  agglutination  zone.  The  addition  of 
14 According to  O. Porges (Centr.  Batk., 1 te Abt., Orig.,  1906, xl, 133) agglu- 
tination  occurs again in  very  strong  salt  solutions such as  half  saturated 
(NIt,)2SO4.  This is probably a salting out phenomenon,  due to a decrease in the 
forces between the surface of the particle and the liquid.  For a review of the 
effect  of salts on agglutination see Buchanan, R. E., Y. Bact., 1919, iv, 82.  The ex- 
periment  itself shows that this is  a different phenomenon since in  saturated 
(NH,),SO4 agglutination occurs immediately whereas the type of agglutination 
studied in this paper requires considerable time. 
1~ It will be noted that in this experiment the isoelectric point was about pH 
4.2 while in others with B.  typkosus  (Fig. 3)  it is about 3.5.  This  difference 
was noted several times and depends probably on the age and condition of  the 
suspension. 652  STABILITY  OF  BACTERIAL  SUSPENSIONS.  II 
0.01  N  salt  decreases  the  potential  and  broadens  the  agglutination 
zone slightly.  More concentrated salts, however, although it reduces 
the potential still more, decreases the agglutination,  since the cohesive 
force is  now being  reduced.  In  concentrations  of more  than  1.0  N 
no agglutination occurs.  The salt also shifts the zone of agglutination 
to  the  acid  side.  This  result  has  been  obtained  by Michaelis  and 
Rona  I* with proteins. 
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FIG. 10.  Effect of NaC1 concentration on the potential  and agglutination  of 
B. typbosus at the acid agglutination zone. 
Effect of the Salts on the PotentiaL--The  experiments show the famil- 
iar  result  that  the  effect is due to the oppositely charged ion and in- 
creases in general with the valence of the ion.  The effect is not purely 
due to the valence since the hydrogen ion is far more active  than the 
other monovalent ions.  The result also depends on the nature of the 
is Michaelis, L., and Rona, P., Biochem. Z., 1919, xclv, 225. ~IOHN  If. NORTHROP  AND  PAUL  I-I.  DE  KI~UIF  653 
suspension since the charge on the bacillus of rabbit septicemia may 
be reversed by sulfate or NaC1 while with Bacillus  typhosus  suspen- 
sion the charge is reduced but does not change in sign. 
The experiments in Fig. 6 show clearly the reason for the character- 
istic difference in the stability of Types D  and  G of the rabbit septi- 
cemia bacillus, n  Type D  which is very stable has  a  high  potential 
whereas the potential of Type G is very little more than the critical. 
The  same  figure  shows  that  the  acid  agglutination  zone  may be 
shifted markedly by the  addition  of other substances.  Peptone for 
instance moves it far to the acid side (cf. Putter 7) while immune body 
brings the isoelectric point  to nearly 5.  This point will be discussed 
more fully in the succeeding paper. 
Origin of the PotentiaL--Loeb  has showny in the case of a  protein 
solution separated from a solution of electrolyte by a  collodion mem- 
brane,  that  the charge on the protein solution can be quantitatively 
accounted for on the basis of Donnan's theory of membrane potentials. 
According to this theory, electrolytes affect the potential of a particle 
in  two  ways.  (1)  By  combining  chemically  with  the  particle  (for 
example hydrogen ions).  The ion then becomes part of the molecule 
of which the particle  (membrane)  is composed.  As a result the con- 
centration  of this ion differs on the opposite sides of the membrane 
and  gives rise  to  a  potential.  This  potential  may be calculated by 
Nernst's formula from the concentration  of the common ion on both 
sides of the membrane.  The membrane behaves as a reversible elec- 
trode  for  this  ion.  (2)  Ions  which  affect  the  distribution  of  the 
common  ion  without  further  chemical  combination  with  the  mem- 
brane.  This mechanism will suffice to account for all the observations 
made in the course of this work, if it be supposed that other ions than 
the  hydrogen ion may act by chemical  combination? s  The  experi- 
ments  are more  complicated  than  those with  a  collodion membrane 
since the organisms are apparently more or less impermeable to ions? 9 
17 Loeb, J., J. Gen. Physiol.,  1920-21, iii, 667; 1921-22, iv,  351; Proteins and 
the theory of colloidal  behavior, New York and London, 1922, 120. 
18 Loeb, J., Proteins and the theory of colloidal  behavior, New York and London, 
1922, 164, 165; J. Gen. Physiol.,  1921-22, iv, 463; also two papers in this number 
of the Journal which the writer has had  the privilege of reading in manuscript 
form (.7. Gen. Physiol.,  1921-22, iv, 741, 759). 
19 Shearer, C., Proc. Cambridge Phil. Soc., 1916-19, xix, 263. 654  STABILITY  OF  BACTERIAL  SUSPENSIONS.  II 
SITMMARY. 
1.  Measurements have been made of the potential  and of the co- 
hesive force at  the surface of .Bacillus typhosus and  the bacillus  of 
rabbit septicemia in solutions of various salts and acids. 
2.  Electrolytes in  low  concentration (0.01  N)  affect primarily the 
potential, and in high concentration decrease the cohesive force. 
3.  As long as the cohesive force is not affected, agglutination occurs 
whenever the potential is reduced below about 15 millivolts. 
4.  When  the  cohesive  force is  decreased the  critical  potential  is 
also  decreased,  and  in  concentrated  salt  solution  no  agglutination 
occurs even though there is no measurable potential. 